PURPOSE. The goal of this study was to perform an extensive temporal characterization of the early pathologic processes in the streptozotocin (STZ)-induced diabetic retinopathy (DR) mouse model, beyond the vascular phenotype, and to investigate the potential of clinically relevant compounds in attenuating these processes.
D
ue to the Western lifestyle, increased life expectancy at birth, and societal aging, prevalence of diabetes mellitus (DM) type I and II is expected to rise from 415 million in 2015 to 640 million in 2040. 1, 2 Diabetic retinopathy (DR) is the most common microvascular complication of DM and a chronic and progressive eye disease causing irreversible vision loss and blindness in the working-age population in developed countries. [3] [4] [5] Furthermore, global studies describe that one out of three diabetes patients will develop DR, highlighting the enormous socioeconomic impact of the disease. 5, 6 DR is clinically characterized by vascular abnormalities such as microaneurysms, hemorrhages, capillary occlusion, diabetic macular edema (DME), and neovascularization in the posterior part of the eye. Both diagnosis and treatment are currently focused on the vascular pathology, and they only target advanced stages of the disease when vision has already been significantly affected. 4, [7] [8] [9] [10] [11] However, it becomes increasingly clear that DR is not solely a microvascular complication, but that neurodegeneration, 10, 12 and inflammation 13, 14 are also important processes affecting disease onset and progression, possibly in a stage prior to the vasculopathy. Although there is still much controversy in literature regarding the time course of neurodegeneration in DR, 15 it is now generally recognized that diabetes affects the neural retina, as observed by retinal dysfunction and vision loss both in humans suffering from DR and in animal models. [16] [17] [18] Additional evidence, mostly from clinical studies, indicates that DR is a chronic low-grade inflammatory disease, since it has been shown that proinflammatory growth factors, cyto-and chemokines (e.g., TNF-a, IL-1b, IFN-c, etc.) are upregulated in serum, aqueous, or vitreous humor samples of diabetic patients. 19 These inflammatory mediators will not only attract leukocytes to the vascular endothelium, but will also reactivate microglia during DR, resulting in their uncontrolled proliferation, provoking retinal toxicity, and neuronal cell death. 20 Finally, macroglial cells that normally maintain retinal homeostasis and support the neuronal tissue, are also identified as important players during DR development and recent studies suggest that glial reactivity (gliosis) in the retina is coupled to early neuronal impairment. [21] [22] [23] Thus, while neurodegeneration, inflammation, and gliosis are increasingly acknowledged as important processes, besides vascular changes, during early DR development, the specific time course of these pathologic hallmarks remains to be elucidated. The most common preclinical diabetic animal model described in literature is the streptozotocin (STZ)-induced diabetic mouse model. 24 While there is still controversy in literature related to the occurrence of vascular changes in this model, 25, 26 a limited number of studies already nicely described nonvascular changes, such as functional 16, 27, 28 and morphologic changes, 29, 30 as well as alterations in early DR hallmarks, including leukostasis and correlated increased cytokine levels. 14, [31] [32] [33] [34] Since a detailed and time-related determination of the cellular processes in the STZ-induced DR mouse model is lacking, the aim of this study was to perform an extensive temporal characterization of the pathologic processes, beyond the vascular phenotype. First, we used functional and morphologic noninvasive techniques that allow longitudinal investigations, such as OptoMotry, ERG, and spectral domain optical coherence tomography (SD-OCT). Secondly, more in-depth, cell-specific information via postmortem analysis of retinal neurodegeneration, inflammation, and gliosis at multiple time points after diabetes onset was retrieved using immunohistochemical analysis. Since VEGF inhibition and steroids are currently the standard of care therapy for DR, the efficacy of these compounds on the various pathologic hallmarks of DR was also studied to provide proof of concept that the diabetic STZ mouse model can be used for the evaluation of new therapeutic strategies to halt DR progression. 
METHODS Animals
All
STZ-Induced Diabetes Mice Model
In order to investigate the different processes involved in the pathology of DR, the STZ-induced diabetes mouse (Mus musculus) model was used, since this is the most common diabetic mouse model described in literature. 24 In detail, male C57BL/6J mice (3-5 weeks old) were rendered diabetic via 5 consecutive daily intraperitoneal (IP) STZ (50 mg/kg) injections, freshly dissolved in Na-citrate buffer (pH 4.5). Control (nondiabetic) mice received only buffer injections. Development of diabetes was weekly monitored via blood glucose levels (OneTouch Verio; LifeScan, Beerse, Belgium). Only animals with consistent elevated blood glucose levels (>250 mg/dL) were considered diabetic and used in the study. Mice were euthanized for leukostasis and postmortem analysis during early-(2-6 weeks), mid-(8-12 weeks) and late-phase diabetes (20-24 weeks after diabetes onset).
Intravitreal Administration of Compounds
A subset of mice was intravitreally (IVT) injected with compounds that are currently used in clinical practice for the treatment of DR, aflibercept (Eylea; Bayer, Leverkusen, Germany) and triamcinolone acetonide (TAAC, Kenacort; Bristol-Myers Squibb, New York, NY, USA). 35, 36 Mice were deeply anesthetized via inhalatory isoflurane (4% Iso-Vet; Dechra, Northwich, UK) and the eyes were further locally anesthetized with oxybuprocaine (0.4% Unicaine; Thea Pharma, Wetteren, Belgium) eye drops. IVT injections (1 lL) were performed with a small glass capillary (50-70 lm diameter), connected to a microinjector (Micro4, microsyringe pump controller; World Precision Instruments, Sarasota, FL, USA). A group of mice was injected with aflibercept (40 lg/eye), a recombinant fusion protein inhibiting both VEGF and placental growth factor (PlGF), and its effect was evaluated by using optomotor, leukostasis, and immunohistochemical readouts. Another group of mice was treated with TAAC (40 lg/eye) for evaluating its effect on retinal inflammation. Respective buffer solutions were used as negative vehicle controls. The control buffer for aflibercept was 10 mM NaH 2 PO 4 , 40 mM NaCl, 5% sucrose, 0.03% Tween 20 at pH 6.2. The vehicle for TAAC consisted out of NaCl for isotonicity, 0.5% (wt/vol) carboxymethylcellulose sodium, 0.015% (wt/vol) and polysorbate 80 in H 2 O at pH 6 to 7.5. As long-term weekly IVT injections would have led to anesthesia-related body weight loss, treatment was only initiated 1 week before being euthanized (i.e., in week 7 postdiabetes onset). Injections were given every other day, with a total of four injections, based on the short half-life of the compounds in rodent eyes (data not shown). The day after the last injection, animals were euthanized (i.e., at 8 weeks after diabetes onset).
Optokinetic Tracking Response
Mice were biweekly (from 0-24 weeks after diabetes onset) subjected to a virtual-reality chamber, used to test visual behavior, via the optokinetic tracking response (OKT; OptoMotry, Cerebral Mechanics, Alberta, Canada), as described by Prusky et al. 37 At 8 weeks after diabetes onset, visual acuity of diabetic mice treated with aflibercept or buffer was also investigated (Fig. 1) . Briefly, an unrestrained mouse was placed on a platform in the center of an arena, which exists out of four computer screens. Vertical sine-wave gratings (black-white), represented as a vertical cylinder, were projected on the screens and moved at 128/second around the mouse. A video camera was placed on top of the arena to provide real-time video data. Special frequency (SF) thresholds were measured for each eye under 100% contrast, via a simple staircase procedure were different SF varied randomly. Contrast sensitivity (CS) was assessed on different SF (0.103, 0.192 and 0.272, inverse Michelson contrast), while contrast varied randomly via staircase procedure.
Electroretinography
To assess retinal functionality via full-field ERG, overnight darkadapted mice (4, 6, 8, 12 , and 20 weeks postdiabetes onset) were stimulated by UTAS Ganzfeld light source (UTAS BigShot E-3000; LKC Technologies, Inc., Gaithersburg, MD, USA) in order to stimulate both eyes simultaneously. 38 Diabetic mice were compared to nondiabetic animals, with 5 to 6 mice per condition. Mice were anesthetized by an IP injection of 75 mg/ kg body weight ketamine (Anesketin; Eurovet, Bladel, The Netherlands) combined with 1 mg/kg medetomidine (Domitor; Pfizer, New York, NY, USA) and pupils were dilated with 0.5% tropicamide (Tropicol; Thea Pharma, Wetteren, Belgium) and 15% phenylephrine (Thea Pharma). A ground electrode was placed in the tail base, the reference electrode in the left cheek and contact lenses with gold wire served as signal electrodes. Eyes were kept moist with saline, which was also used as a conductor for the electrical signal. A nine-step stimulation protocol with increasing flash luminance was applied ranging from À3. (highest light intensities, 0.90 and 1.40 log cd.s/m 2 ) were averaged over two flashes separated with 45 seconds. Oscillatory potentials (OPs) were automatically filtered out by the ERG software. The latencies and amplitudes of OP1-3 were measured separately. Averaged runs were used to measure a-, b-wave and OP amplitudes as well as latency and implicit times. According to the current convention, the awave amplitude was determined at a specific time point (8 ms after light flash) preceding the a-wave trough, while b-wave amplitude was measured from the trough of the a-wave to the maximal amplitude following the OPs. Latency was determined Measurement of CS, at a spatial frequency of 0.272 cyc/deg, revealed a progressive decrease in diabetic animals from 10% at 18 weeks postdiabetes onset, that reached a maximum reduction of 14% at 24 weeks after diabetic onset. (C) IVT treatment of aflibercept (40 lg/eye) was performed every other day at week 7, with a total of 4 injections. Eight weeks post-diabetes onset, SF thresholds for all diabetic animals were still reduced compared to control animals, but aflibercept-injected mice developed a significant additional loss of 3%, compared to buffer-injected mice. Data are shown as mean 6 SEM, n ¼ 5-7. *P < 0.05. **P < 0.01. ****P < 0.0001. from flash onset to the a-wave trough and b-wave implicit time from flash onset to b-wave maximal amplitude, all according to previous literature describing ERG measurements. 39 Final data was retrieved from averaging left and right eye. 40 Electroretinograms (Figs. 2, 3 ) were adjusted to start at the zero point, in order to fit the overlays more appropriately. After imaging, an IP injection of atipamezole (1 mg/kg, Antisedan; Pfizer, New York, NY, USA) was administered to reverse anesthesia and eye ointment (Vidisic; Bausch þ Lomb, Rochester, NY, USA) was used to prevent dry eyes.
Optical Coherence Tomography
A SD-OCT system (Envisu R2210; Bioptigen, Morrisville, NC, USA) was applied for thickness measurements of the retinal layers at week 4, 8, and 24 after diabetes onset. Animals were anesthetized via ketamine and medetomidine as described previously. When sedated, tropicamide eye drops were administered for pupil dilatation. Next, SD-OCT was performed using 100 consecutive B-scan lines composed of 1000 A-scans, in a 1.4 3 1.4 mm plane. Anesthesia was reversed with atipamezole and eye ointment (Bausch þ Lomb) was applied to prevent dry eyes. Total retinal thickness and thickness of separate retinal layers were analyzed using commercial software (InVivoVue Diver 2.2; Bioptigen). A fixed 5 3 5 grid, highlighting 25 points that can be measured on the retina, was centered on the optic disc. Using those points, at minimum 10 measurements were performed and averaged (Fig. 4A) . Separate layers were analyzed as shown in Figure 4B , by placing cursors (orange asterisks) on each boundary of two different retinal layers. Based on these cursors, the software (Bioptigen) automatically calculated the thickness of the different retinal layers. Since retinal morphologic changes during DR are mostly described in patients in the inner retinal layers, 41, 42 separate layer analysis was limited to thickness measurements of the ganglion cell complex (GCC, including nerve fiber layer [NFL] , ganglion cell layer [GCL] , and inner plexiform layer [IPL]), as well as measurements of the NFL-GCL complex.
Vessel Leakage Assays
In-life fluorescein angiography (FA) was biweekly performed with a confocal scanning laser ophthalmoscope (HRA, Heidelberg Spectralis; Heidelberg Engineering, Heidelberg, Germany), to longitudinally study vascular leakage from 0 to 24 weeks postdiabetes onset. A 508 angle lens and excitation light with a wavelength of 488 nm were used for retinal blood vessels imaging. Before imaging, pupils of anesthetized animals were dilated by tropicamide, and a fundus picture of the right eye was obtained before fluorescein injection. After IP injection of 200 lL of 2% (wt/vol) sodium-fluorescein, FA scans were collected at 3 and 15 minutes after fluorescein injection, representing early and late leakage phase, as described by Chung et al. 43 At the end of the procedure, anesthesia was reversed with atipamezole and eyes were covered with eye ointment (Bausch þ Lomb).
Vessel leakage was also analyzed using FITC-BSA and TRITCdextran retro-orbital injections. Mice were anesthetized with isoflurane 4% and retro-orbitally injected, during early (week 4) and midterm diabetes (week 8) with FITC-albumin (20 mg/mL, Sigma-Aldrich Corp., Overijse, Belgium) for visualizing the leakage and TRITC-dextran (2000 kDa, 10 mg/mL, Thermo Fisher Scientific, Inc., Asse, Belgium) for visualizing the blood vessels. The dyes circulated for 30 minutes in awake animals, after which mice were euthanized and eyes were enucleated and fixated overnight in 1% paraformaldehyde (PFA) in PBS. The next day, retinal whole mounts were dissected and mounted on glass slides with mowiol (Sigma-Aldrich Corp.). Images were taken with 320 objective with an upright microscope (LEICA DM6 B; Leica, Wetzlar, Germany).
Finally, vitreous leakage was studied with a fluorophotometer (i.e., the mouse Fluorotron Master; OcuMetrics, Inc., Mountain View, CA, USA). Mice (8 and 20 weeks after diabetes onset) were subcutaneously injected with 200 lL of 2.5% fluorescein, which circulated for 40 minutes in awake animals. Mice were anesthetized with the above mentioned ketamine/ medetomidine mixture and tropicamide was applied on both eyes to assure dilation. A scan of both eyes was taken and the anesthesia was reversed with atipamezole. The fluorescein concentration (ng/mL) of both eyes was analyzed in the middle of the vitreous peak and averaged to obtain quantitative vitreous leakage levels.
Leukostasis
Retinal leukostasis (i.e., increased leukocyte adhesion to the capillary endothelium in the retina), was investigated in early (2-4 weeks), mid-(8 weeks), and late-stage (20 weeks) diabetic mice. Leukostasis of diabetic mice treated with TAAC or buffer was also analyzed at 8 weeks postdiabetes onset. The animals were anesthetized using an IP injection of 30 mg/kg sodium pentobarbital (Nembutal, Ceva, Brussels, Belgium), and transcardially perfused. First erythrocytes and nonadherent leukocytes were washed out with NaCl 0.9% and heparin (71 mg/L) for 5 minutes, using a perfusion rate of 2 to 3 mL/minute. Next, adherent leukocytes were labelled with FITC-concanavalin A lectin (FITC-ConA, 40 lg/mL, Vector Laboratories, Burlingame, CA, USA), via perfusion of 25 mL in 2 to 3 minutes. The last step included removal of the unbound FITC-ConA by flushing again heparinized NaCl 0.9% through the blood vessels. Mice were euthanized, eyes were enucleated, overnight incubated in 1% PFA and retinas were flatmounted. Visualization and live counting of the total number of stained adherent leukocytes in the arterioles and venules was performed by a blinded investigator, using a microscope (Leica DM IL LED; Leica). High quality representative pictures were taken on a confocal microscope (Olympus FV1000; Olympus Corp., Tokyo, Japan). 44 
Immunohistochemistry and Histologic Analysis
General. Embedded paraffin eyes collected at representative early (4 weeks), mid-(8 weeks), and late (24 weeks after diabetes onset) time points, including aflibercept, TAAC and buffer-treated eyes, were used for all the (immuno)histological stainings. Eyes were serially sectioned in 7-lm thick sagittal slices. On every first slide of each series (5 slides/series), a hematoxylin and eosin (H&E) staining was performed to determine the general retinal morphology and the optic nerve head, since analysis was performed on three sections adjacent to both sides of the optic nerve. Before administration of the primary antibody (Ab), sections were deparaffinized, antigens were retrieved using PT module (Thermo Fisher Scientific, Inc.) with modified citrate buffer (Agilent; S1699) and endogenous peroxidases were blocked by immersing the slides in methanol (VWR, Leuven, Belgium) containing 0.3% hydrogen peroxide (VWR) for 20 minutes.
Neurodegeneration. Retinal neuronal cell death was studied using antibodies against RNA-binding protein with multiple splicing (RBPMS) and choline-acetyl-transferase (ChAT) to label retinal ganglion cells (RGCs) and cholinergic amacrine cells, respectively. Sections were incubated overnight with primary Abs for RBPMS (1/200; 1830-RBPMS, PhosphoSolutions) 45 or ChAT (1/200; AB144P, Chemicon). 46 The second day, secondary Abs were added for 45 minutes (i.e., FIGURE 2. Diabetes-induced progressive decline of a-and b-wave amplitudes and increase of latency and implicit times. ERG measurements were performed at 6 (early), 12 (mid-), and 20 weeks (late) after diabetes onset. Representative electroretinograms are shown for nondiabetic (black) and diabetic (red) animals. Measurements were performed as described in Kinoshita & Peachey. 39 Amplitudes of a-and b-wave declined early after development of diabetes in the STZ-treated mice compared to control mice, while the latency and implicit times increased over time. N ¼ 5 to 6 animals per group. Double-headed arrows reaching toward the dashed lines represent a-and b-wave. goat anti-rabbit-biotinylated; 1/300, 111-065-144, rabbit antigoat-HRP; 1/100, 305-035-003, Jackson, West Grove, PA, USA). The Ab-complexes were visualized using an amplifier kit (1/50, TSA Cy3/FITC system; Perkin Elmer, Live Sciences) and slides mounted with Prolong Gold with 4 0 ,6-diamidino-2-phenylindole (DAPI).
Inflammation and Gliosis. Macrophages and microglia were visualized using a F4/80 rat Ab (1/100; MCA 497, Biorad) 47 staining. After overnight incubation, donkey anti-rat biotin (1/300; 712-065-153, Jackson) was applied. To investigate gliosis, a mouse Ab against vimentin (1/800, V5255; SigmaAldrich Corp.) 48, 49 was administered to the 7-lm thick paraffin slices. The following day, the sections were incubated with secondary Ab for 45 minutes (i.e., donkey anti-mouse biotin [1/ 300, E0433; Dako]). For both stains, the Ab-complex was visualized using the TSA kit and sections were mounted with Prolong Gold with DAPI.
Microscopical Analysis
Neurodegeneration, inflammation, and gliosis were analyzed on images by a masked reader, obtained using a microscope with a digital camera (Axiocam MrC5; Carl Zeiss, Oberkochen, Germany) at a magnification of 320. Morphometric analyses were performed using commercial software (Metamorph; Leica) on three sections adjacent to both sides of the optic nerve, so in total six sections in the central retina. Analysis was performed 250 lm from the optic nerve head over a length of 250 lm in each section, so in total 12 measurements were averaged. The number of RBPMS-positive cells were counted in the GCL, ChAT-positive cells in the GCL and in the inner nuclear layer (INL) and F4/80-positive cells were counted in all the retinal layers. The number of vimentin-positive fibers crossing the border between the IPL and INL was counted as a measure for gliosis, using a protocol as described by McVicar et al. 47 
Statistics
Prior to statistical analysis, normal distribution of the data was tested using the Shapiro-Wilk test, and equality of variances was determined using the F-test. Measurements between two groups were analyzed using unpaired, two-tailed Student's ttest or Mann-Whitney U test if data was not distributed normally and/or variances differed significantly. Statistical analysis of inhibitory studies with aflibercept and TAAC were performed with a 1-way ANOVA and longitudinally, timedependent changes were analyzed with a 2-way repeated measures ANOVA. Data are presented as bars depicting mean þ standard error of the mean (SEM), or line graphs showing mean 6 SEM. N represents the number of animals per condition. All statistical tests were performed using graphing software . Data are shown as mean þ SEM, n ¼ 4 to 13. Scale bar: 100 lm. *P < 0.05. **P < 0.01. ****P < 0.0001. NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; GCC, ganglion cell complex; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PL, photoreceptor layer.
(GraphPad Prism version 7.00; GraphPad Software, San Diego, CA, USA). Results were considered significant when P < 0.05.
RESULTS

Body Weight and Glucose Measurements in Diabetic Mice
Body weight and blood glucose levels were determined prior to and after STZ injection. Weight increased in all mice until week 24 after diabetes onset. The mice that were bufferinjected showed a higher body weight (30.8 6 0.7 g) throughout the entire experiment, as compared to STZinjected mice (22.7 6 0.5 g) at 24 weeks after diabetes onset. 50 This difference in body weight is consistent with the diabetic phenotype (deterioration of pancreatic b-cell function, coupled to insulin deficiency and systemic hyperglycemia), induced by STZ. STZ-treated mice included in the study, correspondingly showed increased blood glucose levels (477 6 29 mg/dL) as compared to buffer-injected mice (180 6 8 mg/dL) up to the end of the study (Table) .
These data indicate that five consecutive daily injections of 50 mg/kg of STZ 24 in young mice induced a long-term diabetic phenotype.
Early Decline of Visual Function in Diabetic Mice
To investigate the functional retinal changes in STZ-induced diabetic mice, longitudinal follow-up of the visual response, including visual acuity and CS, was assessed. Diabetic and nondiabetic animals were therefore biweekly subjected to a virtual optomotor test during the entire study period, up to 24 weeks after diabetes onset. Visual function of nondiabetic animals remained unaltered throughout the study, while a significant decline in visual acuity or OKT of 4% (P < 0.0001) was already observed during early diabetes (i.e., 4 weeks after diabetes onset), compared to nondiabetic animals. Visual function progressively declined over time, to reach a loss of 14% (P < 0.0001) when the study was ended (Fig. 1A) . CS was measured at three different spatial frequencies (SF), 0.103, 0.192, and 0.272 cyc/deg, as based on literature. 16 No significant difference was observed between nondiabetic and diabetic animals at the lowest SF (i.e., 0.103 cyc/deg, P ¼ 0.472, data not shown). However, diabetic mice showed a reduced CS at a SF of 0.192 (P < 0.0001, data not shown) and 0.272 cyc/deg in the late diabetes stage (18 weeks), reaching a decline of 14% (P < 0.0001) at 24 weeks, respectively, as compared to control mice (Fig. 1B) .
To further evaluate the visual function in the diabetic mice, a subset of diabetic animals received repeated IVT injections with either vehicle or aflibercept (40 lg/eye) at 7 weeks after diabetes onset, after which OKT was measured 1 week posttreatment. Since no differences in CS between nondiabetic and diabetic animals were seen at that time point, CS was not studied after treatment. Vehicle-injected diabetic mice as well as noninjected diabetic animals showed a similar decrease in visual acuity, while aflibercept-injected diabetic animals had a significant decreased visual acuity (3%) compared to vehicleinjected mice (0.354 6 0.004 vs. 0.366 cyc/deg 6 0.001, respectively, P < 0.05; Fig. 1C) .
Overall, our findings clearly indicate that STZ-induced DR develops early during disease progression as a speedy decline in visual acuity and eventually also a diminished CS was observed. Repeated injections of a high concentration, compared to a clinically relevant dose, of aflibercept induce an additional, although only small, loss of visual acuity 1 week postdosing.
Early Electroretinogram Changes in Diabetic Mice
To more accurately characterize the decrease of retinal functionality in STZ-injected mice, ERG was applied at 4 and 6 (early), 8 and 12 (mid-), and 20 weeks (late) after diabetes onset. 38 The amplitude of the a-(photoreceptors), bwave (inner retina), and OPs (amacrine cells) of diabetic mice decreased progressively over the different diabetic stages, whereas a-wave and OP latency (time from stimulus onset to a-wave trough and OP1-3, respectively) and implicit time (time from stimulus to b-wave maximal amplitude following the OPs) progressively increased, as compared to control nondiabetic animals (Figs. 2, 3 ; time points shown are 6, 12, and 20 weeks after diabetes onset). A detailed graphical overview of overall changes at all time points of a-and b-wave and OPs at different light intensities is provided in Supplementary Figures S1 to S3.
Overall, these ERG data indicate that photoreceptor and inner retinal function are already impaired at early stages during DR development and progressively worsens over time.
Reduced Retinal Thickness Early After Diabetes Onset
Changes in retinal morphology were investigated by using spectral domain optical coherence tomography (SD-OCT) in STZ-injected and control mice at 4 (early), 8 (mid-), and 24 weeks (late) after diabetes onset. Measurements were performed as shown in Figures 4A and 4B . The neural retina was approximately 10 lm (4%, P < 0.0001) thinner in diabetic mice, as compared to nondiabetic animals at 8 weeks after diabetes onset and remained thinner until 24 weeks after diabetes onset (Fig. 4C) . The GCC complex was thinner at mid-(4 lm or 6%, P < 0.01) and late diabetes (2.7 lm or 4%, P < 0.05), as compared to control mice (Fig. 4D) . Next, NFL-GCL thinning was observed at 4 (9%, 1.3 lm, P < 0.01), 8 (12%, 1.6 lm, P < 0.05), and 24 (16%, 2.1 lm, P < 0.01) weeks after diabetes onset versus nondiabetic animals (Fig. 4E) . Representative average body weight and blood glucose levels of nondiabetic and diabetic mice. Both treatment groups gained body weight throughout the study (P < 0.0001) but the nondiabetic animals were larger compared to diabetic animals at the end of the study (P < 0.0001). Blood glucose levels on the other hand were significantly raised in diabetic mice (P < 0.0001). Data are shown as mean 6 SEM; n ¼ 5-12.
Overall, these results indicate that there is clear, early retinal thinning of the inner retina.
No Detectable Changes in Vascular Leakage in Diabetic Mice
Vascular alterations and leakage are still the main clinical readouts for DR. As such, the mouse STZ model was further characterized by investigating the process of vascular leakage, but no consistent differences between nondiabetic and diabetic animals were detected. First of all, noninvasive FA was biweekly used to longitudinally follow-up leakage from baseline up to 24 weeks postdiabetes onset. The intensity of fluorescein leakage of both the early-or late-phase analysis was not significantly different between the two animal groups at any of the investigated time points (data not shown). At earlyand midstage diabetes, vascular leakage was also investigated by means of fluorescent perfusion with FITC-BSA and TRITCdextran. Fluorescent intensity was determined on retinal whole mounts, but again no differences in vascular leakage between nondiabetic and diabetic mice could be detected upon microscopic analysis (data not shown). Finally, ocular fluorometry (OcuMetrics, Inc.) was used to determine the presence of vitreous leakage in diabetic animals after 8 or 20 weeks postdiabetes onset, but fluorescent levels were not different as compared to those found in nondiabetic animals (data not shown).
Overall, none of the readouts did show any significant or consistent increases in vascular leakage in the diabetic versus control mice, even not during late-term diabetes.
Early Influx of Leukocytes in the Diabetic Retina
Leukostasis is described as one of the earliest events during experimental DR development, which makes it an interesting event to characterize in more detail in the diabetic STZ model. 47, 51 Diabetic mice showed a significantly increased number of adherent leukocytes during early-(1.6-fold at 2-and 1.9-fold at 4 weeks postdiabetes; P < 0.01, P < 0.001) and midterm (2.5-fold increase at 8 weeks postdiabetes; P < 0.01) diabetes, versus control animals, and this increased leukocyte adhesion returned to baseline levels at late-stage diabetes (20 weeks postdiabetes; P ¼ 0.857; Figs. 5A , 5B). A subset of diabetic animals received repeated IVT injections with either vehicle or triamcinolone acetonide (TAAC, 40 lg/eye), being an anti-inflammatory steroid, 52 at 7 weeks after diabetes onset, and leukostasis was scored 1 week posttreatment. Analysis showed that the inflammatory process was reduced with 82% (P < 0.001) in TAAC-injected diabetic mice compared to bufferinjected mice (Figs. 5A, 5C ).
These findings suggest that the influx of leukocytes in retinal tissue contributes to an early inflammatory response and that can be counteracted following repeated IVT administrations of a corticosteroid.
Early Inner Retinal Neurodegeneration in the STZInduced Diabetic Mouse Model
As inner retinal thinning (SD-OCT) and loss-of-function of inner retinal cells (ERG) was observed in the diabetic mice, further investigation focused on the retinal density of ganglion and cholinergic amacrine cells. RGC density, visualized via RBPMS immunostaining, significantly reduced in the diabetic retina by 17% (P < 0.05), 14% (P < 0.01), and 20% (P < 0.05) during early, mid-, and late diabetes, respectively, as compared to control mice (Figs. 6A, 6B ). ChAT immunostaining was performed to stain the cholinergic amacrine cells in the INL and a subset of these cells in the GCL, described as displaced cholinergic amacrine cells. During early diabetes, a nonsignificant decline in the number of ChAT-positive cells in the INL (data not shown; P ¼ 0.382), GCL (data not shown; P ¼ 0.482) or in both layers was observed (P ¼ 0.433; Fig. 6D ). However, a significant reduction of 43% and 44% was found during mid- and at late-term diabetes, as compared to control animals (P < 0.01, P < 0.05, respectively; Fig. 6E ).
To further evaluate if the aflibercept induced decline in visual acuity (OptoMotry) was related to cell type-specific neurodegeneration, the effect of repeated IVT administration of aflibercept (40 lg/eye) on the number of RGCs and cholinergic amacrine cells was investigated at 8 weeks after diabetes onset. Morphometric analysis demonstrated that buffer-injected animals showed a similar level of RGC and cholinergic amacrine cell loss, as compared to noninjected diabetic animals. Remarkably, aflibercept induced an additional reduction of 15% in RGC death, and of 37% for the cholinergic amacrine cells, in contrast to buffer treatment (P < 0.05; Figs. 6C, 6F) .
Overall, these data indicate that diabetes-induced neurodegeneration already takes place during the early diabetic phase, which eventually evolves in significant loss of inner retinal neurons. Repeated injections of aflibercept induced an additional reduction in the number of RGC and cholinergic amacrine cells at 8 weeks after diabetes onset.
Early Retinal Inflammation and Reactive Gliosis in the STZ-Induced Diabetic Mouse Model
To confirm the early increase of adherent leukocytes in the retinal blood vessels of diabetic mice and to obtain more information about the role of retinal microglia and invading macrophages during DR progression, a F4/80 staining was performed on retinal sections of the different diabetic phases. A rapid increase of inflammatory cells, mainly observed in the inner retina, was visualized in diabetic animals compared to nondiabetic mice, during early (1.8-fold increase, P < 0.01) and mid-(3.1-fold increase, P < 0.001) diabetes, which returned to baseline levels at late-stage diabetes (Figs. 7A, 7B ). For the investigation of the process of reactive gliosis, a vimentin immunostaining was performed and clearly revealed Müller cell gliosis in eyes of diabetic animals (Fig. 7D) . The number of vimentin-positive fibers crossing the IPL/INL border were counted as a measure of gliosis 47 and was found to double during early (1.7-fold increase, P < 0.05) diabetes, peaked at midphase diabetes with a 2.7-fold increase (P < 0.001), and remained higher in the late diabetic stage (1.9-fold increase, P ¼ 0.063, Fig. 7E) .
To validate the STZ-induced diabetic mouse model as an appropriate model for the investigation of novel anti-inflammatory drugs, the effect of aflibercept and TAAC (both 40 lg/ eye) was studied at 8 weeks after diabetes onset. Repeated IVT injections at week 7, slightly increased inflammation in bufferinjected animals compared to noninjected diabetic mice, which might be procedure-related, as already described in literature. 53 Nonetheless, both aflibercept and TAAC were able , as compared to buffer-treated eyes. Data are shown as mean þ SEM, n ¼ 3-11. Scale bar: 50 lm. *P < 0.05. **P < 0.01. ***P < 0.001. ****P < 0.0001.
to reduce the number of F4/80-positive cells in the retina at 8 weeks after diabetes onset, with a reduction of 40% (P < 0.001) and 65% (P < 0.0001), respectively (Fig. 7C) . These results are in line with those obtained using TAAC for the leukostasis process. Furthermore, aflibercept and TAAC also reduced the number of vimentin-positive fibers, respectively, with 61% (P < 0.0001) and 48% (P < 0.001), as compared to buffer-injected animals (Fig. 7F ).
In conclusion, the mouse STZ model seems to be characterized by an early inflammatory and gliotic response, that respectively returns to baseline or further progresses over time. Administration of two clinically relevant compounds, aflibercept or TAAC, were able to significantly reduce both processes at 8 weeks after diabetes onset.
DISCUSSION
DR is a progressive sight-threatening eye disease, divided in early nonproliferative (NPDR) and late proliferative DR (PDR). Preclinical and clinical studies generally investigate the vascular PDR phase, since it is considered as the most relevant medical pathological hallmark. Moreover, the current standard of care (e.g., anti-VEGF therapy and panretinal photocoagulation) is focused on halting late stage disease progression. 5, 54, 55 However, more recent studies include research on earlier and preclinical hallmarks of DR, such as inflammation and neurodegeneration. These pathologic processes possibly even precede the vascular phase and might be crucial factors that lie at the onset of the development of sight-threatening PDR and macular edema. 18, 19, 29 Since partial vision loss might already be evident in undiagnosed DR patients, [16] [17] [18] it is essential to further investigate this early stage of the disease, and to eventually integrate the inhibition of these early (initial) processes in novel treatment strategies. Multiple diabetic mouse and rat models are yet available and described (e.g., STZ-induced rodents, Ins2
Akita mice, Akimba mice, NOD mice, db/db mice, . . .), and most of them are especially studied in the context of retinal vascular leakage. However, none of these models have received an extensive characterization of the early DR phenotype. 24, [56] [57] [58] In this study, the mouse STZ model was selected, since this is the most common diabetic mouse model described in literature. 24 Different research groups have used this model to assess vascular leakage, 43, [59] [60] [61] [62] and although several studies indeed delineated leakage in the diabetic mouse retina, the (E) Müller glia reactivity was also studied via histologic staining for vimentin retinal staining and showed significantly more IPL/INL crossing fibers during early (1.7-fold increase) and during midterm diabetes (2.7-fold increase). (F) Gliosis was also diminished with 61% and 48% for aflibercept and TAAC, respectively. Data are shown as mean þ SEM, n ¼ 3-11. Scale bar: 50 lm. *P < 0.05. **P < 0.01. ***P < 0.001. ****P < 0.0001.
reported findings seem to be difficult to reproduce. Indeed, literature is not conclusive as to the occurrence of leakage in diabetic animal models. Especially the STZ mouse model is mostly described as a model without or with low levels of pathologic vascular changes and leakage. Nevertheless, there have been reports describing the presence of pericyte ghosts after long-term diabetes in STZ mice. 15 Of note, we previously also used this model for the investigation of leakage by means of fluorescent perfusion, 21, 63 but encountered a high intermouse variability that precludes obtaining reliable results. Although it is recently described that vascular leakage is detectable at 8 weeks via FA, 43 we were not capable to detect it up to 24 weeks after diabetes onset. Ocular fluorometry (Fluorotron; OcuMetrics, Inc., Mountain View, CA, USA) and blood-retinal barrier (BRB) breakdown (Evans blue) are often applied in the STZ rat model and are reliable tools to assess vitreous leakage and BRB breakdown. 64, 65 However, our STZinduced mouse model did not develop vitreous leakage, or the fluorophotometer (OcuMetrics, Inc.) sensitivity was not ideal for the minimal leakage expected in this model, as we could not detect it. Overall, the difficulties to detect retinal/vitreous leakage clearly reveal that vascular leakage is not a prominent hallmark of the STZ-induced diabetic mouse model. Nevertheless, it does present as an adequate model to study the early pathological DR phenotype. 24 Indeed, using an extensive temporal characterization of the development and progression of diabetic-related cellular responses in the retina, we were able to disclose inflammation, gliosis and neurodegeneration using OptoMotry, ERG, SD-OCT, and immunohistochemical analyses (Fig. 8) .
As vision loss in DR patients can eventually lead to complete blindness, the visual response, including visual acuity and CS, was studied as a functional readout in diabetic mice. [66] [67] [68] A significantly reduced OKT response was observed from 4 weeks after diabetes onset and onward, indicative of an early loss of visual acuity. Reduced CS only developed at a later time point, thereby confirming previous reports in rodents. 16, 32, 69 Notably, some other studies reported early CS changes after STZ administration in rodents, 70, 71 but these were performed at a spatial frequency of 0.064 cyc/deg, which was not investigated in this study. This, however, cannot explain the difference seen in CS between our study and DR patients in which reduction in CS already develops during early DR. 66 The reason for this difference remains unclear, but indicates that CS might not be an optimal readout for drug testing in the STZ mouse model. Nevertheless, the observed initial loss of visual acuity is a first indication of STZ-induced retinal dysfunction, which is further supported by our ERG results, revealing a significantly increased latency of the OPs and implicit time of the b-wave as well as a reduction of the amplitude at 6 weeks after diabetic onset. Some ERG changes between diabetic and nondiabetic animals were already present at week 4 after diabetes onset, but these were not significantly different (Supplementary Figs. S1-S3 ). All these results clearly encapsulate the loss of inner retinal function.
Besides these functional retinal assessments, retinal thinning is also regularly studied in DR patients as an indicator for neurodegeneration and vison loss. 42 Morphologic thinning in the NFL-GCL was already described 6 weeks after diabetes onset in STZ-induced mice 29 while another study reported a reduced total retinal thickness after 10 weeks. 30 These data support our findings, although we observed retinal thinning even earlier, with NFL-GCL and total retinal thinning manifesting at 4 and 8 weeks after diabetes onset respectively, and further declining over time.
In addition, further cell-type specific analysis of diabetesinduced retinal neurodegeneration within the inner retina showed a significant reduction in RGC density starting in the early diabetic phase, further diminishing over time, all in line with earlier findings described in the mouse STZ 21, 72, 73 and the Ins2 Akita model. 74 Notably, some contradictory results have been reported in literature, in which neurodegeneration was found to be most prominent in the STZ-induced diabetic mice at later time points (e.g., 10-14 weeks) after diabetes onset, 30 or RGC death was not detected up to 6 months after diabetes induction. 15 Evidently, other inner retinal cell-types, such as cholinergic amacrine cells, can also undergo neurodegeneration. Despite the early delay and reduction of OPs in diabetic patients without clinical DR, these cells remain overlooked in both preclinical and clinical studies. 75 Here we disclosed for the first time loss of cholinergic amacrine cells in the STZinduced diabetic mouse model, supportive of the observed delay and decrease in OPs during early, mid and late diabetes. Only a few studies describe the loss of cholinergic amacrine cells in other diabetic animal models, being the STZ-induced rat and Ins2
Akita mouse model. Whereas early loss of dopaminergic amacrine cells was observed in STZ-induced rats, 76 a reduced number of both dopaminergic and cholinergic amacrine was observed in the Ins2
Akita model, but analysis was only performed after 6 months of diabetes. 46 The process of early neurodegeneration was further validated in our diabetic mouse model, by demonstrating that both visual acuity, as well as the number of retinal neuronal cells was further decreased after repeated aflibercept administration, as compared to buffer-treated eyes. Aflibercept was selected since it is a clinically relevant compound and VEGF levels are described to be increased in STZ mice. 77, 78 The results on reduced RGC density might be surprising, since aflibercept has shown to improve visual acuity in large phase III studies in DME patients (VIVID and VISTA 79, 80 and Protocol T [81] [82] [83] ). However, evidence is being gathered that the use of VEGF inhibitors is associated with deleterious effects on the neuronal cells. Prolonged treatment with anti-VEGF therapy in preclinical models (STZ rat and Ins2
Akita mice) showed substantial neuronal cell death 84, 85 and potential safety concerns are also recently demonstrated in a retrospective study in AMD 86 and DME patients (Filek R, et al. IOVS 2017;58:ARVO E-Abstract 2024). Of note, as lower doses did not show any efficacy in the mouse STZ model (data not shown), we used within this preclinical study a high dose of the VEGF-inhibitor (40 lg/eye in a murine eye would represent a high dose of 26 mg/eye in a human condition, compared to the 2 mg of aflibercept that is used in clinical practice). Although we cannot exclude that this high dose of aflibercept might result in an exacerbated neurodegenerative effect after four subsequent IVT injections, our data clearly warrant that care has to be taken upon long-term chronic anti-VEGF treatment.
Neuroinflammation and gliosis are recognized as early key processes in the development of DR, 17, 87 which was confirmed by our findings on the increased number of inflammatory cells and vimentin positive Müller cell fibers early after diabetes onset. The observed rapid increase in adherent leukocyte number starting at 2 weeks that still persisted at 4 and 8 weeks after diabetes onset in the murine retina is in line with other STZ studies also indicating a start of leukostasis around 1 to 2 weeks 60, 88 and persisting up to 3 months. 51 Although one report describes high leukocyte numbers at 6 months in the mouse STZ model, 89 which contrasts our data that clearly reveal a reduction in the number of adherent leukocytes during late-term diabetes. The reason for this is unknown; however a decline in leukocyte number back to baseline levels is also described in the diabetic Ins2
Akita model at 20 weeks after diabetes onset. 90 The rapid retinal influx of leukocytes in hyperglycemic mice, coincides with microglia reactivation as the first responding retinal glial cells, creating an inflammatory environment, most probably provoking the Müller cell gliosis. 23 Microglia reactivity, as leukostasis, initiated early after diabetes onset, peaked during mid-diabetes and diminished later on toward the late diabetes phase. An increased number of retinal microglia has been denoted at 24 weeks after diabetic onset by McVicar et al., 47 although this augmented number was attributed to resting microglia. Notably, STZ-induction in our model is slightly different from this previous study, where five consecutive daily IP injections were given to mice of 12 weeks of age, which might explain the small shift in time course in the number of microglia returning to baseline levels. On the contrary, Müller cell gliosis seems to be continuously increased during late-stage diabetes, although our results were not significant, possibly due to high biologic variability. In another longlasting diabetes study, Müller cells were still found to express upregulated GFAP levels after 20 weeks. 91 Importantly, administration of aflibercept 35 or TAAC, 36 were able to significantly reduce both inflammation and macrogliosis at 8 weeks after diabetes onset, which highlight the fact that the mouse STZ model can be used to study novel therapies for DR that halt the inflammatory response. The opposite effect of aflibercept on neurodegeneration and inflammation can be explained by the fact that, although both neuronal and inflammatory cells express VEGF-receptors, both cell types will exert different functions upon ligand binding. Indeed, since VEGF-A is described as important neuroprotective factor, 92 inhibition of this growth factor by aflibercept may have detrimental effects on the neuronal cells. On inflammatory cells, on the other hand, the use of aflibercept will lead to reduced recruitment and migration of inflammatory cells, due to the inhibition of PlGF binding to its receptor. 93 
CONCLUSIONS
Despite the fact that vascular leakage cannot be reliable obtained in the STZ-induced diabetic mouse model, we clearly showed that STZ-induced diabetic mice developed early pathologic hallmarks, from which inflammation seemed to be the initial trigger for further gliosis and neurodegeneration. These then result in the development of functional and morphologic retinal changes, being visual acuity decline, retinal thinning, followed by changes in ERG latencies and amplitudes. Based on these findings, we were able to establish a detailed time line of the nonvascular pathologic processes during DR disease progression (Fig. 8) . In addition, it can be concluded that the mouse STZ model can be suitable to target disease hallmarks beyond the vessel pathology and thus to investigate novel integrative therapies to treat DR.
